Blue light governs a number of cellular responses in bacteria, plants, and animals, including photoreactivation, plant development, and circadian photoentrainment. These activities are mediated by a family of highly conserved flavoproteins, the photolyase/cryptochrome family. Photolyase binds to UV photoproducts in DNA and repairs them in a process called photoreactivation in which blue light is used to initiate a cyclic electron transfer to break bonds and restore the integrity of DNA. Cryptochrome, which has a high degree of sequence identity to photolyase, works as the main circadian photoreceptor and as a component of the molecular clock in animals, including mammals, and regulates growth and development in plants.
Introduction
In organisms ranging from bacteria to mammals, a myriad of responses to blue light, including photoreactivation and circadian entrainment, are mediated by one family of highly homologous proteins. The photolyase/cryptochrome family is comprised of two types of proteins that carry out distinct functions: photolyase, which harnesses blue-light energy to break bonds and repair UV photoproducts in DNA; and cryptochrome, which acts as a sensor of environmental light to regulate processes ranging from circadian entrainment in animals and plants, to plant growth and development.
Photolyase is a blue-light activated DNA repair enzyme. Far-UV (200 -300 nm) light induces formation of photoproducts such as cyclobutane pyrimidine dimers (Pyr54Pyr) and pyrimidine-pyrimidone 6-4 photoproducts (Pyr [6-4] Pyr), whose deleterious effects include inhibition of replication and transcription, mutation, growth arrest and cell death. The lethal and mutagenic effects of far-UV are reversed by irradiation with near-UV/blue-light (300 -500 nm) in a process called photoreactivation, which is catalyzed by photolyase.
Cryptochrome mediates a separate blue-light dependent function, circadian photoreception, which resets the circadian clock to the solar day. The circadian clock is an intrinsic timekeeping system in many organisms, which regulates oscillations in behavior and physiological processes, such as sleep cycles and metabolic rate. Circadian rhythms have a periodicity of about 24 h ('circa'=about; 'dies'=day) and exist even in the absence of light stimulus. Cryptochromes sense blue light and synchronize an organism's behavior with the light cycle, but the mechanism of phototransduction is unknown.
The photolyase/cryptochrome family consists of 55 -70 kD monomeric proteins that contain two non-covalently bound prosthetic groups, flavin adenonucleotide (FAD) and a pterin (or in rare cases, a deazaflavin), and all members of this family share a high degree of sequence identity within their FADbinding domains (Todo, 1999; Deisenhofer, 2000; Sancar, 2000) . Photolyases possess a positively charged groove that binds the phosphodiester backbone of DNA and a pocket for binding either cyclobutane pyrimidine dimers or (6 -4) photoproducts. The sequence homology between cryptochrome and photolyase in these regions suggests that both enzymes share common structure and chromophore binding and may share a similar mechanism of action, although cryptochrome has no demonstrable DNA repair activity. Cryptochrome possesses an additional C-terminal tail that extends past the region of homology with photolyase and is believed to be involved in signal transduction and protein -protein interaction. The cyclic electron transfer mechanism utilized by photolyase has been well characterized and may prove to be a basis for uncovering the mechanism behind cryptochrome-mediated phototransduction.
Photolyase family members have no obvious sequence homology to other classes of flavoproteins, perhaps because activated photolyase utilizes flavin in its light-excited state as opposed to flavin oxidoreductase which uses ground-state flavin. Photolyase has persisted throughout evolution and is found among animals, plants, and bacteria (Table 1) . Photolyase is found in organisms as ancient as archaebacteria, and a photolyase gene is even found in certain animal viruses (Afonso et al., 1999 (Afonso et al., , 2000 Willer et al., 1999; Srinivasan et al., 2001) . Cryptochrome has only been identified thus far in plants and animals, excluding C. elegans, although putative homologs have been found in bacteria (Hitomi et al., 2000; Ng and Pakrasi, 2001) . While the marsupials have retained both photolyase and cryptochrome during evolution, placental mammals only have the cryptochrome, and in the absence of photolyase, UV photoproducts in these latter organisms are removed by nucleotide excision repair exclusively (Sancar, 1996; Wood, 1997) . With the diversity of organisms that contain these proteins, the photolyase/cryptochrome family has been classified by three different criteria: function, chromophore composition, and sequence homology.
Classification
When classified by function, there are three distinct categories.
Cyclobutane pyrimidine dimer (CPD) photolyase Approximately 70 -80% of DNA photoproducts generated by ultraviolet light are cis,syn-cyclobutane pyrimidine dimers, where a cyclobutane ring is formed between the C5 and C6 carbons of each base. CPD photolyase, referred to as simply 'photolyase', utilizes a cyclic electron transfer to break this bond, resulting in restoration of the natural bases.
(6 -4) photoproduct photolyase The CPD photolyase cannot repair this lesion. A specific enzyme called (6 -4) photolyase specifically binds to and repairs the (6 -4) photoproduct (Todo et al., 1993; Kim et al., 1994) . The pyrimidine -pyrimidone (6 -4) photoproduct, which comprises 20 -30% of total UV-induced photoproducts, is formed through an oxetane intermediate to join C6 of the 5' base to the C4 of the 3' base, with the addition of a hydroxyl group at the C5 of the 5' base.
Repair of this adduct cannot be achieved by breaking the (6 -4) C-C bond. The (6 -4) photolyase presumably stabilizes the oxetane intermediate which is then split by electron transfer to restore the bases.
Cryptochrome 'Cryptochrome' was originally coined as a generic term to describe plant blue-light receptors which were known to exist but had not been identified for nearly a century. Now the term is used to designate photolyase sequence homologs with no DNA repair function but with known or presumed blue-light receptor function (Sancar, 2000) . In plants, cryptochromes regulate a variety of growth processes in response to blue-light, and are a significant topic of research in plant biology. However, interest in cryptochromes has dramatically escalated since our proposal that these pigments are the primary circadian photoreceptor in mammals and possibly in other organisms (Hsu et al., 1996; Miyamoto and Sancar, 1998) .
Photolyase family members may also be classified by chromophore composition. All photolyases and cryptochromes non-covalently bind the primary chromophore, flavin, within a pocket buried in the folded enzyme. The 'second chromophore', as it is called, acts as a photoantenna and transfers excitation energy to the catalytic FADH 7 cofactor by fluorescence resonance energy transfer (FRET). The majority of photolyases, all known (6 -4) photolyases, and cryptochromes , contain a folate (MTHF) as the second chromophore, referred to as the 'Folate Class' Sancar, 1987, 1988) . The 'Deazaflavin Class' represents a handful of CPD photolyases and cryptochromes from those few species which can synthesize the 'ancient molecule' 8-HDH, including Streptomyces griseus, Anacystis nidulans, and Methanobacterium thermoautotrophicum (Eker et al., 1988; Kiener et al., 1989) .
On the basis of sequence homology, two classes were proposed to exist in the photolyase/cryptochrome family which are independent of both function and chromophore composition, Type I and Type II (Kato et al., 1994; Yasui et al., 1994) . Type I photolyases include most of the microbial CPD photolyases, all (6 -4) photolyases and cryptochromes (Kanai et al., 1997) (Figure 1 ), while Type II photolyases include CPD photolyases from animals and plants, as well as some microbial photolyases (Todo, 1999) . However, as more gene sequences of photolyases and cryptochromes become available demonstrating the existence of more sequence groups, the utility of Type I and II classification has become limited. 
Photolyase
Crystal structure
Examination of the crystal structure of photolyase has clarified the mechanism of photoreactivation ( Figure 2 ) (Deisenhofer, 2000; Sancar, 2000) . Crystal structures, available for the CPD photolyases from E. coli (Park et al., 1995) , A. nidulans (Tamada et al., 1997) , and T. thermophilus (Komori et al., 2001) , revealed that photolyase consists of two domains: an N-terminal a/ b domain and a C-terminal helical domain, connected by an interdomain loop. The a/b domain consists of a b-sheet with five parallel strands and five a-helices in a structure typical of a dinucleotide binding fold. The helical domain consists of 14 helices that form a flat face surrounding a hole leading into the center of protein where the FAD is buried and held in place by contacts with 14 conserved amino acids. The interaction between the domains is predominantly polar, and in E. coli MTHF binds to the exterior of the shallow cleft formed between the domains. For T. thermophilus and A. nidulans, the cleft is large enough for the smaller 8-HDF cofactor to bind in the interior of the enzyme. The distance between the centers of the two cofactors is 16.8 Å in E. coli photolyase and 17.7 Å in the A. nidulans enzyme. Based on the structure it is proposed that the phosphodiester backbone of DNA binds photolyase on the flat surface of the helical domain along a trace of positive electrostatic potential. Mutation of these positively charged residues results in a drastic reduction of substrate binding (Baer and Sancar, 1993) . The thymidine dimer is proposed to 'flip out' from the DNA helix into the central cavity where it comes within van der Waals contact distance of the FAD molecule (Park et al., 1995) . The pocket is lined with hydrophobic residues on one side and polar residues on the other which matches the asymmetric polarity of the thymidine dimer. Support for 'baseflipping' comes from the co-crystal of T. thermophilus with thymine, which reveals the binding of thymine within the inner cavity of the protein (Komori et al., 2001) . While crystal structures are not available for (6-4) photolyase or for cryptochromes, there is a high degree of conservation throughout the FAD chromophore binding region and the DNA binding region. Molecular modeling of (6 -4) photolyase indicates the presence of an active site pocket large enough to accommodate a (6 -4) photoproduct (Todo, 1999) , and molecular modeling of cryptochrome on the a-backbone of the E. coli photolyase results in a wellconserved structure, although cryptochrome possesses an additional C-terminal tail not found in photolyase. Furthermore, crystal structures for both folate class and deazaflavin class photolyases are nearly superimposable (Tamada et al., 1997) , indicating that all photolyase family members may have the same basic architecture. While this structural conservation is expected for (6 -4) photolyase, the implications for cryptochrome are as yet unknown.
Spectral properties of photolyase
The composition of the second chromophore affects both the spectral properties and activity of the enzyme. Photolyases are chromoproteins because of their absorbance in the 300 -500 nm range, due primarily to the presence of the folate, with some contribution of the FAD. Although photolyase containing only the FADH 7 (the active form of FAD in photolyase) and no second chromophore is functional, presence of the folate or deazaflavin increases efficiency 5 -10-fold and dominates the absorption spectrum (Figure 3a ,b). While folate alone has peak absorbance at 360 nm, the folate class of enzymes has absorbance maxima ranging from 377 nm for S. cerevisiae photolyase (short wavelength photolyase) (Sancar et al., 1987a) to 410 nm for Bacillus firmus (medium wavelength photolyase) . The 15 -50 nm red-shift of the folate absorption is due to constraints imposed upon the chromophore by binding to the enzyme (Johnson et al., 1988) . Deazaflavin-containing photolyases represent the long wavelength class of photolyases, with an absorbance maximum of 440 nm for A. nidulans, S. griseus, and M. thermoautrophicum photolyases (Eker et al., 1981 (Eker et al., , 1988 Kiener et al., 1989) , a 20 nm red-shift from native deazaflavin absorbance (420 nm). The deazaflavin-containing enzymes exhibit a higher absolute quantum yield than the folate-containing enzymes, due to the higher efficiency of energy transfer to the flavin. To date, accurate spectral studies of either (6 -4) photolyase or cryptochrome are not available because active purified enzymes from native sources are not available, although preliminary absorption spectra of recombinant proteins expressed in E. coli with substoichiometric amounts of both chromophores exhibit peak absorption at 420 nm (Figure 3c,d ) .
The oxidation state of the flavin is key to its activity. During purification, the FADH 7 cofactor often becomes oxidized to yield either the flavin neutral radical (FADH8) or FADox. Photolyase enzyme preparations which are blue in color contain the neutral radical form of flavin because of its strong absorbance at the longer wavelengths 580 and 625 nm as well as absorbance at 380 and 480 nm (Jorns et al., 1984) . The active ground state of photolyase is the two-electron reduced form. The neutral radical is inactive and it must be reduced to activate the enzyme in vitro. However, in vivo the flavin is always in the two-electron reduced FADH 7 state (Payne et al., 1987) . Whether or not a fully reduced flavin is necessary for cryptochrome is not known at present.
Reaction mechanism of photolyase
Photolyase (and cryptochromes) possess both lightindependent and light-dependent functions. In the case of photolyase, substrate binding is performed in a light-independent fashion, and the enzyme either remains bound until it is exposed to photoreactivating light and catalyzes the repair reaction, or it stimulates nucleotide excision repair of UV-induced photoproducts in the dark. Nucleotide excision repair is a general DNA repair mechanism which is based on the ability of the excision nuclease to recognize bulky lesions that distort the DNA helix (Sancar, 1996) . Photolyase, in binding to photoproducts and 'flipping out' the damaged dinucleotide, increases distortion of the DNA helix at the damage site and thereby accelerates damage recognition and assembly of the excision repair complex Hays et al., 1985; Sancar and Smith, 1989) . In addition to UV photoproducts, E. coli photolyase was able to bind to cisplatin adducts with only a 10-fold decrease in affinity compared to cyclobutane dimers, UvrABC-mediated excision repair of cisplatin adducts was stimulated by 1.3-fold, and photolyase containing cells were more resistant to cisplatin than cells lacking photolyase (Ö zer et al., 1995) . The detailed mechanism of stimulation of excision repair is unknown; it is unaffected by light, and no physical interaction between photolyase and the excision repair machinery has been found.
The light-dependent function of photolyase, photoreactivation, has been well characterized for cyclobutane pyrimidine dimer repair (Sancar, 1994) (Figure 4a ). After light-independent binding of its substrate through three-dimensional diffusion with low-specificity recognition mediated primarily by ionic interactions with the backbone of the damaged DNA strand, the dimer is 'flipped out' into the center cavity of the protein to bring it into proximity with the flavin, and forms a high-specificity, high-affinity enzyme-substrate complex. The folate (or deazaflavin) acts as a 'photoantenna' to absorb a photon of 300 -500 nm light, and achieves a high-energy excited singlet state with a lifetime of 0.5 ns (MTHF) or 2.0 ns (8-HDF). Fluorescence resonance energy transfer occurs from the folate to the flavin (FADH 7 ) with a quantum yield of 0.8. Deazaflavin-containing Figure 3 Absorption and action spectra of photolyase/cryptochrome family. (a) Absorption spectra of E-FADH 7 MTHF 7 (solid line) and E-FADH 7 (dashed line) forms of E. coli photolyase. The squares and triangles are the values for quantum yield 6 molar extinction coefficient, e 6 j, superimposed on the absolute absorption spectrum (Payne and Sancar, 1990) . (b) Absorption of for E-FADH 7 8DF (solid line) and the E-FADH 7 (dashed line) forms of A. nidulans photolyase. Circles and triangles are values for e 6 j (Malhotra et al., 1992) . (c) Absorption of recombinant D. melanogaster (6 -4) photolyase and (d) absorption of recombinant human cryptochome 1 with substoichiometric amounts of chromophores photolyases are more efficient than the Folate Class, with energy transfer from deazaflavin to flavin occurring with a quantum yield of 0.98. Electron transfer occurs from the flavin to the Pyr54Pyr with a quantum yield of 0.9 -0.95. The cyclobutane ring is split by bond rearrangement in the Pyr54Pyr radical anion. Lastly, back electron transfer to FADH8 regenerates the active form of flavin, FADH 7 , completing the cyclic electron transfer cycle without any net change in the chromophores or in the protein.
The (6-4) photolyase is believed to function by a similar mechanism with one significant difference. Upon binding, photolyase first thermally converts the (6-4) photoproduct to an oxetane intermediate, which resembles the cyclobutane ring, and photoinduced electron transfer breaks the ring and restores the bases (Figure 4b ) Todo et al., 1996; . 
Cryptochrome

Reaction mechanism
The high degree of sequence identity and structural conservation between cryptochrome and photolyase suggests that cryptochrome utilizes a similar reaction mechanism: after light-independent binding of a substrate, blue light initiates a cyclic electron transfer reaction. Cryptochrome has not been shown to employ any of the typical signaling methods used by other sensory proteins: protein conformational change, quaternary structure changes, G protein activation, or phosphorylation. It is possible that cryptochrome combines one or more of these methods with electron transfer, such as a photoinduced electron transfer resulting in a conformational change in the C-terminus that activates it for signaling. However, the substrate is unknown, as is the signal transduction mechanism that results in resetting the circadian clock by light. Although the biochemical data for a photocycle is lacking, there is strong genetic evidence for cryptochrome as a circadian photoreceptor in plants and animals.
Cryptochromes in plants
Cryptochrome was first discovered as a possible photoreceptor in Arabidopsis thaliana when it was cloned as the gene complementing the hy4 photomorphogenic mutant which has impaired blue-light dependent inhibition of hypocotyl elongation (Ahmad and Cashmore, 1993) . With 30% sequence identity to microbial photolyase, a blue-light activated enzyme, it appeared to be a good candidate for a blue-light photoreceptor and was named CRY1. A second gene, CRY2, has since been cloned in A. thaliana (Hoffman et al., 1996; Lin et al., 1998) as well as cryptochromes from other plants including Sinapis alba (mustard). Like photolyase, recombinant plant cryptochromes contain FAD Lin et al., 1995) and folate , but these proteins had no demonstrable photolyase activity Lin et al., 1995) .
Genetic analysis of CRY1 and CRY2 Arabidopsis mutants implicated both genes in blue-light inhibition of hypocotyl elongation (Ahmad and Cashmore, 1993; Lin et al., 1998; Guo et al., 1998) , flowering time regulation , and, following the discovery of the role of CRY in the mammalian circadian clock, CRY1 was also implicated in circadian clock control (Somers et al., 1998) . Transgenic plants overexpressing plant cryptochromes exhibited enhanced sensitivity to blue-light in terms of hypocotyl elongation (Lin et al., 1996 . Perhaps the most intriguing result of genetic studies of cryptochromes in plants comes from the creation of transgenic Arabidopsis plants that overexpress the Cterminal domain of CRY1 and CRY2. The Cterminus of cryptochrome is postulated to be the mediator of signal transduction; accordingly, overexpression of the C-terminus alone was sufficient to cause a constitutive light response in plants (Yang et al., 2000) . These results have led to the following model: cryptochrome in the ground state represses signaling by the C-terminus; upon blue-light activation, the C-terminus is released from its repressed state to initiate signal transduction through proteinprotein interactions.
Two responses to light have been observed in plant cryptochromes. First, CRY2, but not CRY1, is rapidly degraded by blue-light through an unknown mechanism . Second, both CRY1 and CRY2 are phosphorylated in the C-terminal domain in response to either blue-or red-light (Ma´s et al., 2000; Ahmad et al., 1998; Shalitin et al., 2002) . Although the significance of this phosphorylation event is unknown, the existence of this interaction indicates that cross-talk between photoreceptive systems can be mediated directly between photoreceptors, and this physical relationship between two different photosensory proteins, cryptochrome and phytochrome, as well as the existence of yet another class of plant blue-light photoreceptors, phototropins (Briggs and Huala, 1999; Elich and Chory, 1997) , has complicated the study of the role of cryptochromes in plants.
Cryptochromes in animals
Animal cryptochromes were first discovered in 1995, when the examination of the human genome revealed a putative photolyase homolog (Adams et al., 1995) . Although human cells had been shown to lack photoreactivation (Li et al., 1993) , the homology of a particular EST to photolyase was so strong that it was unclear if this gene might still encode a functional photolyase. Both this first homolog and a second human homolog discovered later (Hsu et al., 1996) were expressed in heterologous systems and were tested for photolyase activity and found to have no repair activity on either cyclobutane dimers or (6 -4) photoproducts (Hsu et al., 1996; Todo et al., 1997) . Because of the precedence for photolyase homologs functioning as blue-light photoreceptors in plants, we proposed that these human homologs might be bluelight photoreceptors in mammals (Hsu et al., 1996) although mammalian cryptochromes are more closely related to (6-4) photolyase than to plant cryptochromes (Figure 1 ). Cryptochromes are widespread in the animal kingdom, with the notable exception of C. elegans (Table 1) . Humans and mice each have two cryptochromes, named hCry1 and hCry2 or mCry1 and mCry2 (Hsu et al., 1996) . While Drosophila only has a single cryptochrome Egan et al., 1999; Selby and Sancar, 1999) , Danio rerio (zebrafish) has up to six cryptochrome homologs (Kobayashi et al., 2000) . Although cryptochrome is generally accepted as a circadian photoreceptor in Drosophila, in mice the cryptochromes are integrated into the transcriptional feedback loop of the circadian clock making separation of its clock and photoreceptive functions difficult.
Tissue expression in mammals
Cryptochromes are predominantly nuclear proteins (Petit and Sancar, 1999) expressed in virtually all cell types , consistent with the fact that all cells possess autonomous circadian clocks (Balsalobre et al., 1998) . Cry1 is highly expressed in the liver and testes and Cry2 is highly expressed in brain Sancar, 1998, 1999) . However, some tissues, such as the retina and the suprachiasmatic nucleus, exhibit higher expression levels than others, perhaps indicative of their specific functions in these locations .
The retina is the sole site of circadian photoreception in mammals (Roenneberg and Foster, 1997) . Mice with certain retinal degenerative diseases lose their visual photoreceptors but possess an intact inner retina; these mice retain circadian photosensitivity, indicating that visual photoreceptors are unnecessary and that a circadian photoreceptor resides in the inner retina. Examination of mCry1 and mCry2 expression in the retina revealed high expression of cryptochromes in this region, in both the ganglion cell layer and the inner nuclear layer, with slightly higher levels of mCry2 present (Figure 5a ), and led us to conclude that CRYs are circadian photoreceptors Thresher et al., 1998) . Recently a photoreceptive net with a distinct morphology comprising 1% of retinal ganglion cells has been found with direct projections to the suprachiasmatic nucleus Provencio et al., 2002) . These cells are directly photosensitive, as measured by whole cell current clamp recordings, and this photoresponse has been attributed to melanopsin (Hattar et al., 2002) , a candidate photoreceptor which is expressed in these cells and has homology to invertebrate opsin (Provencio et al., 2000) . However, melanopsin knockout mice have normal circadian photoreception, and no data exists as of yet to support the role of melanopsin as a photoreceptor. The presence of cryptochrome in the ganglion cell layer is supportive of a role for cryptochrome in this photoreceptive net.
The suprachiasmatic nucleus (SCN) is a structure in the hypothalamus that acts as a master regulator of the circadian clock. We found that mCry1 mRNA is expressed at a high level in the SCN, and moreover, the mRNA oscillates with circadian rhythmicity, one of the first indications of a role for cryptochromes in circadian clock regulation . mCry2 is expressed only weakly in the SCN (Figure 5b ). The differential expression of Cry1 and Cry2 in retina and SCN, as well as the lack of conservation of their C-termini, suggest the two mammalian cryptochromes may have distinct roles in different tissues, although these proteins may share some redundancy.
Genetic analysis
Genetic analysis of mice with null alleles of cryptochromes demonstrated that cryptochromes have a role both in photoreception and in the circadian clock mechanism itself. Our behavioral analysis of locomotor activity of individual cryptochrome knockout mice showed that cry17/7 mice have a shortened circadian period (22.5 h) (Figure 6b ), while cry27/7 mice have a lengthened period (24.5 h) (Figure 6c ) compared to wild-type mice (23.7 h) (Figure 6a ) (Thresher et al., 1998; Vitaterna et al., 1999; van der Horst et al., 1999) , suggesting cry1 and cry2 may play antagonistic roles in regulating clock function. Behavioral studies of double cryptochrome knockout mice showed that their activity was still coordinated with light -dark cycles, but in constant darkness, mice became arrhythmic (Figure 6d ) (van der Horst et al., 1999; Vitaterna et al., 1999) . The essential role of cryptochromes in the circadian clock made further analysis of the role of cryptochromes in circadian photoreception by behavioral studies impossible in these mice. Another quantifiable photoresponse, acute gene induction in the SCN by light, is a marker of phototransduction to the SCN and is an initial event in clock resetting by light (Shigeyoshi et al., 1997) . Single Cry knockouts exhibited blunted mPer1 gene induction in the SCN by light (Thresher et al., 1998; Vitaterna et al., 1999) . The cry17/7cry27/ 7 mice lost mPer1 induction entirely, exhibiting an elevated basal level of mPer1 in the dark, consistent with Crys being photoreceptors and components of the molecular clock. However, mPer2 mRNA remained inducible by light in these animals, leading to the conclusion that cryptochromes were not the sole photoreceptors mediating phototransduction to the SCN (Vitaterna et al., 1999) .
Other mouse models have also contributed to the understanding of the role of cryptochromes in the circadian clock. While cryptochrome double-knockout mice still respond to light molecularly and behaviorally, we found that mice without cryptochromes and without visual photoreceptors lose all behavioral photoresponses and have severely reduced fos induction by light in the SCN (Figure 7 ) (Selby et al., 2000) , the first evidence that classical opsins play a redundant role with cryptochromes in modulating light-driven responses. Lastly, when mice mutant for plasma retinol binding protein (RBP) were maintained on a vitamin A-deficient diet, ocular retinal was completely depleted, resulting in a mouse model in which all opsins, including classical opsins and novel opsins such as melanopsin, were rendered nonfunctional. We found that these mice with nonfunctional opsin still retained normal gene induction by light, suggesting that cryptochromes are sufficient for circadian photoresponses (Thompson et al., 2001) .
Genetic analysis of a cryptochrome mutant in Drosophila, cry b , supports a role for cryptochrome as a circadian photoreceptor in fruitflies. These mutants synchronize poorly to light -dark cycles and do not respond to brief light pulses (Stanewsky et al., 1998) . Under constant light conditions, wild-type flies become behaviorally arrhythmic, but cry b flies remain rhythmic (Emery et al., 2000) . In addition, only after elimination of both dCry and all known opsin photoreceptors does the fruitfly become circadian blind (Helfrich-Fo¨rster et al., 2001) , suggesting that opsins and cryptochromes play redundant roles in fruitflies as they do in mammals.
Interactions with circadian clock proteins
Cryptochromes have promiscuous interactions with most circadian clock proteins. Cry1 and Cry2 exhibit light-independent interactions to different extents with PP5, Bmal, Clock, Per1, Per2, and Per3, as shown by the yeast two-hybrid assay (Zhao and Sancar, 1997; Shearman et al., 2000) and coimmunoprecipitation (Kume et al., 1999) , and these interactions are presumed to govern a transcriptional feedback loop. The promoters of many circadianregulated genes, including per genes, cry genes, and output genes such as vasopressin, contain E-box elements which control circadian regulation of transcription by a Clock -Bmal complex. Co-transfection assays for transcriptional activation of a luciferase reporter from mPer1 E-box sequences demonstrated that Cry strongly inhibits and Per weakly inhibits transcription induction by Bmal -Clock through direct interaction (Griffin et al., 1999; Kume et al., 1999; Shearman et al., 2000) . Timing of nuclear entry of these regulatory proteins is critical to proper maintenance of circadian rhythmicity, and several mechanisms controlling nuclear entry have been reported. Dimerization of Cryptochromes and Period proteins promotes nuclear entry of Per proteins (Kume et al., 1999) , although in cry17/7cry27/7 knockout mouse fibroblasts, nuclear entry of Per is unaffected (Yagita et al., 2000) . In addition, casein kinase I (CKI) e and d interact with and phosphorylate Per proteins, resulting in their cytoplasmic retention and degradation (Vielhaber et al., 2000; Camacho et al., 2001 ) through a ubiquitin-proteasome pathway (Akashi et al., 2002) . However, Cry can bind to the Per -CKI complex through its interaction with Per and translocate the complex to the nucleus, and in this complex Cry becomes a substrate for CKI (Eide et al., 2002) , but the physiological significance of this phosphorylation is unknown. Regulation of the bmal promoter is controlled by a mechanism separate from E-boxmediated transcription. Cry upregulates bmal transcription while Bmal exhibits negative autoregulation (Yu et al., 2002) .
Griffin
The current model for circadian clock regulation consists of two interacting transcriptional feedback loops as shown in Figure 8 . Transcriptional activators Bmal and Clock form a heterodimer that drives transcription from E-box elements. Once per and cry genes are transcribed and translated, the resulting proteins dimerize in the cytoplasm, and re-enter the nucleus to repress their own transcription by direct interaction with Bmal and Clock. Nuclear entry is controlled by phosphorylation of Per by CKI. In a second auto-regulatory loop, Per and Cry positively regulate the bmal promoter, independent of the Bmal protein. While Bmal upregulates transcription from the E-box, it downregulates its own transcription. The mechanism of regulation of the bmal promoter is unknown.
In Drosophila the feedback loop is similar. dCLOCK and dCYCLE (dBMAL) activate transcription through the E-box in the promoteres of per and tim. dPER and dTIM heterodimerize to enter the nucleus and downregulate E-box-mediated transcription. However, although the transcriptional feedback loop in mammals is not directly light-sensitive, in flies the interaction of dCRY with dPER and dTIM is light-dependent (Rosato et al., 2001; Ceriani et al., 1999) , and dCRY is degraded by light in a proteasome-dependent manner (Lin et al., 2001) .
Conclusion
The photolyase/cryptochrome family of proteins regulates two distinct functions. Photolyase helps to maintain the integrity of DNA after ultraviolet damage, but does not exist in humans. The representatives of this family in humans are the cryptochromes, which act as blue-light receptors for circadian entrainment and as integral components of the molecular clock mechanism. In mammals, there are multiple photoreceptors that contribute to circadian photoreception. Photoreceptors in the outer retina, the rod and cone opsins, mediate vision, but can also coordinate Figure 8 Circadian rhythm is regulated by a transcriptional feedback loop. Two different promoters exhibit different regulatory control loops. E-box promoters are activated by Bmal and Clock, and Per and Cry exert negative regulation of their own promoters. The bmal promoter is negatively autoregulated, but is upregulated by Cry light-regulated behavior in the absence of cryptochromes. Cryptochromes, located in the inner retina, are also sufficient to mediate photoresponses in the absence of opsins, and in fact, appear to play the primary role in circadian photoreception (Figure 9 ), as evidenced by drastically reduced gene photoinduction in the SCN in Cry mutants and normal photoresponse in completely opsin-deficient mice.
The existence of the circadian clock and its regulation by light has important implications for cancer etiology and treatment. Circadian oscillation of hormone levels may be involved in the development of hormone-sensitive cancers, such as breast cancer. Nocturnal light exposure results in acute suppression of plasma melatonin, a hormone that regulates sleep. However, melatonin also inhibits development of chemically-induced mammary tumors (Tamarkin et al., 1981) , and light, which suppresses melatonin levels, increases the development of spontaneous mammary tumors in mice (Jo¨chle, 1964; Anderson et al., 2000) . In humans, a correlation was found between low night-time plasma melatonin levels and estrogen receptor positive breast cancer (Tamarkin et al., 1982) . Further evidence for the role of circadian photoreception in breast cancer comes from the correlation between the incidence of blindness in women with breast cancer (0.15%) versus the incidence of bilateral blindness in a comparison group (0.26%) (Hahn, 1991) , and thus the ability to perceive light at night was found to correlate with incidence of breast cancer. Circadian rhythms are also relevant to the timing of cancer therapy regimens. With circadian variation in drug absorption, metabolism, and elimination, drug therapies can be optimized by coordinating drug delivery with the circadian rhythm (Stevens and Rea, 2001) or perhaps eventually by control of circadian photoreception and manipulation of the circadian clock. 
